ABSTRACT Whole-ceU currents from nicotinic acetylcholine receptor (AChR) channels were studied in rat myoballs using a light-activated agonist to determine the voltage dependence of the macroscopic opening and closing rate constants. Myoballs were bathed in a solution containing a low concentration of the inactive isomer of the photoisomerizable azobenzene derivative, c/s-Bis-Q. A light flash was then presented to produce a known concentration jump of agonist, trans-Bis-Q, across a wide range of membrane potentials in symmetrical solutions (NaCI or CsCI on both sides) or asymmetrical solutions (NaCI in the bath and CsCI in the pipette). At the low agonist concentration used in this study, the reciprocal of the macroscopic time constants gives an unambiguous measure of the effective closing rate. It showed an exponential decrease with membrane hyperpolarization between +20 and -100 mV, but tended to level off at more depolarized and at more hyperpolarized membrane potentials. The relative effective opening rate was derived from the steady-state conductance, the single-channel conductance, and the apparent closing rate; it decreased sharply in the depolarizing region and tended to level off and then turn up in the hyperpolarizing region. The two effective rate constants were shown to depend on the first, second, and third power of membrane potential.
INTRODUCTION
A key issue in the gating of acetylcholine receptor (AChR) channels is understanding how transition rates governing principal conformations depend on membrane potential (Stevens, 1978; Neher and Stevens, 1979) . Although some workers (Magleby and Stevens, 1972; Dionne and Stevens, 1975; Horn and Brodwick, 1980) found that both the macroscopic closing and opening rate constants were voltage dependent, other groups suggested that most of the voltage dependence was due to the apparent closing rate (Adams, 1976; Neher and Sakmann, 1975; Lester, 1975, 1977) . Early work also suggested that agonist binding was rapid, whereas channel closing was rate limiting (Magleby and Stevens, 1972; Andersen and Stevens, 1973) . More recent work, however, now suggests that receptor isomerization may be comparable to or faster than agonist dissociation, thus indicating that neither agonist binding nor receptor isomerization is rate limiting (Land, Salpeter, and 730 THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 100 • 1992 Salpeter, 1981; Sakmann, 1981, 1985) . A consequence of the rapid-isomerization hypothesis is that intermediate closed states, which are kinetically indistinguishable in the rapid-binding model, may be of functional importance. In light of this interpretation of agonist action at the AChR channel, the meaning of the macroscopic closing rate constant and its voltage dependence would change.
To examine more closely the voltage dependence of AChR channel gating, whole-cell and single-channel AChR currents were studied in voltage-clamped rat myoballs or in excised myoball patches. Kinetic and steady-state properties were studied across a wide range of membrane potentials using improved flash-induced agonist concentration jump techniques (Chabala, Gurney, and Lester, 1985, 1986) .
Preliminary results have previously appeared in abstract form Lester, 1984, 1985) .
MATERIALS AND METHODS

Experimental Preparation and Solutions
Small spherical myoballs (~20 l~m in diameter) were prepared from primary cultures of neonatal rat thigh muscle as previously described (Chabala et al., 1986) . The composition of the ionic solutions is given in Table I . 
Voltage-Clamp Techniques
Standard techniques were used to record whole-cell or single-channel currents. For details, see Chabala et al. (1986) . Chamber temperature was maintained at 15 -+ 0.1°C by two Peltierdriven thermoelectric devices with feedback from a linear thermistor (Chabala, Sheridan, Hodge, Power, and Walsh, 1985) .
Photochemical Techniques
Photochemistry of the azobenzene Bis-Q molecule is described in Lester and Nerbonne (1982) , while purification of the c/s isomer is outlined in Nerbonne, Sheridan, Chabala, and Lester (1983) . Optical calibration of the light-flash potency is given in Chabala et al. (1986) . Flashes were imaged onto myoballs through the microscope camera port and objective from a xenon
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731 short-arc flashlamp, which was mounted in a shielded cage above the microscope. For details, see Chabala et al. (1986) .
Macroscopic Gating Scheme
Voltage-clamped myoballs were bathed in a solution containing 500 nM c/s-Bis-Q (the inert isomer). A 50-o.m-diam light flash then produced a well-localized jump in the concentration of trans-Bis-Q, which is an ACh agonist. In this case, the agonist concentration jump was 0 ~ 270 nM trans-Bis-Q (Chabala et al., 1986) . After the agonist concentration jump, trans-Bis-Q would diffuse away into the reservoir of the chamber. Many such concentration jumps could be carried out without increasing the background conductance or inducing receptor desensitization. The major component of the agonist-induced current followed a single exponential relaxation; thus, the macroscopic gating behavior was described by two kinetically distinguishable states,
where C is the closed state, O is the open state, 6' is the effective opening rate, and a' is the effective closing rate. The prime symbols indicate that the rate constants are, in fact, "effective" rate constants that encompass the microscopic rate constants of a more mechanistically realistic kinetic scheme. The time dependence of the current given that the channel was closed initially is given by
where l(t) is the current at time t, ,/is the open-channel conductance, N is the apparent number of available channels, po(a0) is the steady-state probability of being in the open state, ~ is the macroscopic time constant, V is the membrane potential, and V~ is the reversal potential. In terms of the rate constants of Scheme 1,
6'
P°(°°) -~t' + 6'
and
In a series of dose-response studies, we found that the macroscopic time constants for 270 nM trans-Bis-Q were still in the low concentration range (Chabala et al., 1986) ; thus, ~' = l/x. The steady-state conductance, G(00), is given by
If N or Po(00) were known, the absolute value of 13' could be derived from the measured quantities G(o0), ~, and a' at each membrane potential. Although the value of N was not determined, it was assumed to be constant, while Po(00) was assumed to reflect the voltage dependence of G(~). Using these assumptions, the voltage dependence of fl', however, could still be derived by plotting the relative value of fl' at each membrane potential. The approach that was used was to calculate N by assuming that Po(00) = 0.01 at -100 mV from Eq. 4. The justification for Po(aO) was governed by single-channel experiments with 270 nM trans-Bis-Q where the probability of opening was found to be quite low, but the choice of Po (00) 
Experimental Protocols
In experiments with asymmetrical sodium-cesium solutions, flash-induced currents from -100 to +80 mV (see Fig. 2 ) were collected four to six times in each myoball. consisted of seven 100-ms voltage steps in 30-mV increments from a holding potential (HP) of 0 mV in which the flash lamp was discharged 20 ms into each voltage step. 15 s was allowed for recovery between pulses. Macroscopic currents were averaged and fitted to a single exponential function (see Fig. 1 B) to estimate ~ and the steady-state current, I(00).
The protocol for the symmetrical solutions involved recording currents from + 110 to -160 mV in 30-mV increments. A yellow glass filter (e.g., Schott GG 435) was placed in the light path to block visible light on the first trial so that no agonist was produced. This yellow-filter control trial was followed by six or eight experimental trials (Fig. 1 A ) . 20-30 s recovery time was allowed between trials. Macroscopic "difference" currents were created by averaging experimental traces and subtracting the control trace (Fig. 1 B) . The time constant for current rundown was determined from periodic retests at +80 mV, and I(o0) values were corrected for the measured rundown.
Single-channel currents were evoked in outside-out patches using similar protocols in which a yellow-filter control trial preceded 15 experiments trails (Fig. 1 C) . Single-channel difference currents (Fig. 1 D) 
RESULTS
Experiments with Asymmetrical Ionic Solutions
A family of flash-induced AChR channel currents in asymmetrical sodium-cesium solutions is shown in Fig. 2 A. Each agonist-induced current is the average of six relaxations at each membrane potential. The nonlinear I(oo)-V relation for seven myoballs is shown in Fig. 2 B , and the corresponding G(co)-V relation is illustrated in Each averaged macroscopic relaxation was fitted to a single exponential function (as shown in Fig. 1 B) to derive an estimate of the effective closing rate, et'. The estimates of ,~' from seven myoballs were averaged and plotted against membrane potential as shown in Fig. 4 B. Although the logarithm of ,~' depended linearly on membrane potential from +20 to -100 mV, it tended to level off at more positive potentials. The voltage dependence of,x', however, is not sufficient to account for the voltage dependence of G(0o), which suggests that the effective opening rate, [3', is also voltage dependent. Relative values of 13' were derived from measured values of G(0o), % and cC as discussed in Materials and Methods. As illustrated in Fig. 4 
Experiments with Symmetrical Ionic Solutions
A partial family of averaged whole-ceU difference currents obtained in symmetrical sodium conditions is shown in Fig. 5 A. On this scale (as in Fig. 1 A) , it is clear that The G(oo)-V relation for the symmetrical sodium data is shown in Fig. 6 A. Since the i-V relation was essentially linear, it was not necessary to normalize the G(o~)-V data.
The voltage dependence of both ct' and [3' is shown in Fig. 6 B. As in the case of asymmetrical ionic conditions, the logarithm of or' showed a linear dependence on membrane potential over a portion of the hyperpolarizing region, while it tended to saturate at each potential extreme. The logarithm of ~', however, showed a linear decrease in the depolarizing region but tended to level off and turn up in the hyperpolarizing region. The theoretical fits are described below. Whole-ceU experiments were also conducted in symmetrical cesium solutions, as shown in Fig. 7 A. The complete I(oo)-V relation from nine such myohalls is shown in Fig. 7 B. The currents were qualitatively similar to those recorded under symmetrical sodium solutions, although they were more than twofold smaller in comparable curve for the symmetrical cesium data is shown in Fig. 8 A, while the corresponding plots of tx' and [3' are shown in Fig. 8 B. A B 
Voltage Dependence of the Macroscopic Rate Constants
According to the theory of absolute reaction rates (Eyring, 1935) , transition rates for chemical reactions have the general form aij = vexp (--Uij/kT) (6) where aij is the rate constant for the transition from states i to j, v is a frequency factor (units of time-1), Uij is the activation energy or barrier height for the transition state between states i and j, k is Boltzmann's constant, and T is the absolute temperature. free energy term, Uij, which in this case is determined by the permanent and induced effects of polar groups associated with the AChR molecule. The manner in which an electric field can influence a polarizable molecule has been explored in detail by Debye (1929) . A similar approach has also been applied to the study of gating in ion 740 THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME Asymmetrical sodium-cesium experiments (n = 7) e~' 1.63 x 10 -I 7.61 x 10 -3 -1.92 × 10 -~ -1.62 x 10 -7 [3' 4.73 x 10 -4 -6.48 x 10 -3 -8.38 x 10 -6 1.11 x 10 -7
Symmetrical sodium experiments (n = 19) c( 1.58 X 10 -1 5.98 x 10 -3 -1.41 x 10 -~ -7.51 x 10 -8 13'
6.84 x 10 -4 -4.17 x 10 -3 -3.59 x 10 -5 -1.23 x 10 -7
Symmetrical cesium experiments (n = 9) 0t' 1.72 X I0 -1 6.59 x 10 -3 -6.21 X 10 -6 -8.50 x 10 -8 [3'
8.51 x 10 -4 -2.75 X 10 -3 -2.91 x 10 -5 -1.12 x 10 -7
Each effective rate constant has the following form: ct', [3' = A exp (BV + CV 2 + DV 3) where ct' is the effective closing rate, [3' is the effective opening rate, and the coefficients, which are described in the text, have the indicated values.
channels (Magleby and Stevens, 1972; Stevens, 1978; Neher and Stevens, 1979) . In general, the dielectric energy term can be expanded as a Taylor series about the field intensity (Debye, 1929; Kirkwood, 1939; Buckingham and Pople, 1959; Stevens, 1978) . This allows higher-order terms in V to appear in the rate constant, and as Stevens (1978) indicated, there are reasons to expect deviations from linear polarization of the membrane dielectric from fluctuations in field strength even at a constant membrane potential.
As a first approximation, the voltage dependence of both ct' and [3' in the asymmetrical sodium-cesium experiments could be fitted to an expression that depended on V and V 2. But the experiments with symmetrical salt solutions, which were carried out over a wider voltage range, made it clear that the effective transition rates also needed a term that depended on V 3. The appropriate expression for such The apparent polarizability coefficients (O. for orientation polarization, b for molecular polarization, and c for hyperpolarization) were derived as described in the text from the corresponding coefficients in powers of V (i.e., B, C, and D) from the effective closing and opening rate constants in Table II . Note, 1 debye = 10-is e.s.u. rate constants is given by
where m is the effective membrane thickness, Uij (0) is the free energy associated with the transition conformation between states i and j at V = 0, I~ij is the effective dipole moment, b~ is the molecular polarization coefficient, and cij is the hyperpolarization coefficient. For additional details, see Stevens (1978) . In terms of fitting the voltage dependence, however, a more appropriate expression is given by
where A is the value of the rate constant at V = 0, and so forth. The coefficients A, B, C, and D were determined from a Marquardt least-squares fit (cf. Bevington, 1969) of the voltage dependence for both et' and IB'. The fitted values are given in Table II . Theoretical fits of the voltage dependence of ~t' and 13' from Eq. 8 are shown in Figs. 4, 6 , and 8. The voltage dependence of each effective rate constant was fitted fairly well except for the tendency for or' to miss the rolloff in the extreme hyperpolarizing region in symmetrical sodium solutions (Fig. 6 B) .
The theoretical fits of ~t' and 13', along with measured values of -/and estimated values for N, were also used to model the voltage dependence of G(0o) using Eqs. 2 and 4 (see Materials and Methods). As shown in Figs. 4, 6, and 8, the voltage dependence of 0t' and 13' account fairly well for the nonlinear G(oo)-V curves, except for the slight tendency for the conductance to roll off at extreme hyperpolarized potentials in symmetrical salt solutions. That rolloff and the rolloff in et', however, could be accounted for by including a term that depends on V 4 in 0t', but it may also be due in part to uncompensated series resistance, and there was less of a rolloff in symmetrical cesium solutions (Fig. 8 A ) where the macroscopic currents were smaller. The time course of the macroscopic current was also well accounted for at all membrane potentials (not shown).
The apparent polarizability coefficients (~, b, and c) were calculated for or' and 13' by equating the coefficients of corresponding powers of V from Eqs. 7 and 8, as in the case of Ix = mBkT, etc. An effective average membrane thickness of 4.0 nm was used in the calculations, which are summarized in Table III . Although the magnitude of 13' (i.e., the preexponential coefficient A) was determined only to a multiplicative constant, the apparent polarizability coefficients, which reflect the voltage dependence, should be accurate. The units of ~, the permanent dipole moment term, are given in debye. The constant b, the molecular polarizability term, has units of volume and corresponds roughly to the apparent volume of the polarized macromolecule. The hyperpolarizability constant, c, is given in electrostatic units (e.s.u.). These constants reflect linear and inductive effects of polar groups associated with the AChR channel. Although both et' and 13' showed a nonexponential voltage dependence, it is not clear whether this reflects the intrinsic voltage dependence of the microscopic closing and opening rate constants or whether it is due to an interaction of several microscopic rate constants (cf. below).
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DISCUSSION
Voltage Dependence of the Effective Transition Rates
The principal conclusion from this work is that the effective transition rates, ct' and 13', which control voltage-sensitive gating in the rat myobaU nicotinic AChR channel, exhibit higher-order voltage dependence, or' decreases exponentially over part of the hyperpolarizing region but tends to level off or saturate at more depolarized and at more hyperpolarized potentials. In contrast, fl' decreases exponentially in the depolarizing region and tends to level off and perhaps turn up in the hyperpolarizing region. The effective transition rates were shown to depend on the first, second, and third powers of membrane potential as though the charged or polar groups associated with the effective channel-gating mechanism were subject to orientation polarization, molecular polarization, and hyperpolarization (cf. Buckingham and Pople, 1955; Le F~vre, 1965) .
If the voltage dependence of u' arises from a polarization of charged or polar groups during the conformational change as open channels close, one would expect a counter charge movement to influence 13' as closed channels open (Magleby and Stevens, 1972; Andersen and Stevens, 1973; Dionne and Stevens, 1975; Stevens, 1978; Neher and Stevens, 1979) . Since the voltage dependence of 13' was approximately the inverse of that observed for et', the macroscopic receptor gating mechanism appears to be modulated by a roughly symmetrical energy barrier between the functional open and closed conformations.
Relationship between Macroscopic and Microscopic Rate Constants
To look more closely at the significance of the voltage dependence of the macroscopic transition rates, it is instructive to consider a more accurate model of sequential receptor activation. A plausible model, which accounts for most of the macroscopic conductance (Adams, 1975; Dionne, Steinbach, and Stevens, 1978; Dreyer, Peper, and Sterz, 1978; Sheridan and Lester, 1977; Chabala et al., 1986; Sine and Steinbach, 1986) , is the following four-state scheme:
where T and R represent closed and open conformations, respectively, and A represents the agonist. The association rate constants are kx and k2, the dissociation rate constants are k-1 and k_2, the opening rate constant is 13, and the closing rate constant is c~. The macroscopic rate constants of Scheme 1 are related to the microscopic rate constants of Scheme 2 as follows: , and ~' is the reciprocal mean waiting time (cf. Feller, 1968) for a transition that starts in state A2R and exits to state T. The latter waiting time would dominate the slow component of a macroscopic relaxation (Colquhoun and Hawkes, 1981) . The measured burst length is somewhat shorter than the calculated burst length, however, because of the time spent in the nonconductive A2T and AT states before entering the T state to terminate the burst (Colquhoun and Hawkes, 1981) , but that detail will not be considered here because the correction is very small. The low-concentration time constant (i.e., "r --1/&), or x ~ I/& as above, which was previously referred to as the lifetime of the open state Sakmann, 1975, 1976; Sheridan and Lester, 1975; Sakmann and Adams, 1978; Neher and Stevens, 1979) , is now often referred to as the mean burst duration to reflect postulated multiple reopenings during a single agonist-receptor occupancy Sakmann, 1981, 1985) . Confirmation of that hypothesis, however, is still lacking (Colquhoun, Ogden, and Cachelin, 1986) , and there is a different interpretation of the brief gaps (Sine and Steinbach, 1986) , so it is not yet clear if the closed-occupied states are functionally important.
In the case of rapid binding and slow isomerization, the interpretation of the voltage dependence of et' and 13' would be straightforward (i.e., a' = et and 13' = [3), although it is clear that the association rates would have to approach values for a diffusion-limited reaction between asymmetric molecular species (cf. Shoup, Lipari, and Szabo, 1981) . Sakmann (1981, 1985) , however, proposed that the brief gaps observed during channel opening may reflect steps in receptor activation. According to that hypothesis, the isomerization step would no longer be rate limiting, and in that case the voltage dependence of a' and [3' would be more difficult to interpret. Assuming that the brief gaps are not due to undetected channel block by the agonist (as in the case of carbachol; Colquhoun et al., 1986) and that is in fact fairly large (but see Sine and Steinbach, 1986) , the denominators of Eqs. 9 and 10 would be dominated by the terms k-lk-2 and ~k-1, respectively, so
k_lk_~ and 2k_20t ~t' -
Although this is clearly an empirical matter, one could imagine several ways in which the ratio klk2/k-lk -2 in Eq. 11 could remain voltage independent such that the voltage dependence of 13' could in fact reflect the voltage dependence of 13. With regard to Eq. 12, Leibowitz and Dionne (1984) showed that k-2 and 13 have similar magnitudes (in garter snake) that increase with hyperpolarization. The ratio k-2/[3 would then be roughly constant, and the voltage dependence of ~' would be due largely to the voltage dependence of a.
Although several groups have used single-channel techniques to estimate two or 744 THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 100 • 1992 three of the microscopic rate constants (i.e., ~t, [3, and k-2) , there has yet to develop any sort of consensus agreement with regard to the voltage dependence of either [3 or k-2 (cf. Leibowitz and Dionne, 1984; Colquhoun and Sakmann, 1985; Sine and Steinbach, 1986; Colquhoun and Ogden, 1988; Sine, Claudio, and Sigworth, 1990) , and it is unclear if any of those rate constants show saturation effects. There is also disagreement regarding the magnitude of [3, and the issue of whether or not 13 depends on the agonist is still unresolved (Colquhoun and Sakmann, 1985; Sine and Steinbach, 1986) . Some of the disagreements may be due to receptor subunit composition (Auerbach and Lingle, 1987; Steinbach, 1989; Sine et al., 1990) 
Comparison with Previous Work
The effective closing rates of frog (Rana pipieus) or toad endplate currents have been shown to decrease with membrane hyperpolarization (Gage and Armstrong, 1968; Kordag, 1969; Gage and McBumey, 1972; Magleby and Stevens, 1972; Andersen and Stevens, 1973) . When the experiments were repeated in the frog Rana temporaria, however, the estimates of ~t' were shown to decrease exponentially in the hyperpolarization region and to saturate in the depolarizing region (Stevens, 1978; Neher and Stevens, 1979) . Marchais and Marty (1979) also found a nonexponential relation between the time constants of AChR channel currents (in Aplysia neurones) and membrane potential; those time constants leveled off in the hyperpolarizing region. The voltage dependence of ~t' has also been studied in the AChR channel in rat myobaUs by Horn and Brodwick (1980) . They found that ~t' decreased exponentially at hyperpolarized potentials but showed a tendency to level off at +40 mV. In this article, which explored a wider potential range, it was shown that cx' in rat myoballs does indeed decrease exponentially over a portion of the hyperpolarizing range, but tends to saturate at both potential extremes. By way of contrast, it has been found by some workers that the macroscopic opening rate has little if any voltage dependence (Neher and Sakmann, 1975; Lester, 1975, 1977; Adams, 1976) , although most estimates were made in the hyperpolarizing region, where [3' may tend to level off. Magleby and Stevens (1972) and Dionne and Stevens (1975) , however, found that the opening rate shows a modest exponential decrease with membrane hyperpolarization. In the equation given by Dionne and Stevens (1975) for endplate conductance the opening rate is divided by the dissociation constant, so it was not possible to distinguish unambiguously between the effect of potential on agonist binding versus channel opening. Although those authors chose to assign the residual voltage dependence of the peak endplate currents to the opening rate, it may represent the voltage dependence of agonist binding. Finally, Horn and Brodwick (1980) estimated the voltage dependence of [3' in rat myoballs from the difference in slopes for conductance and c~' and obtained a slope for [3' that agreed with the value reported by Dionne and Stevens 745 (1975) . Their estimate of the slope of a', however, was restricted to the hyperpolarizing region where the slope of 13' in rat myoballs is indeed very shallow. Calculations show that a modest negative slope for [3' in that region with the same rolloff in the depolarizing region as in Fig. 6 can be fitted with small changes in the least-squares coefficients in Eq. 8, so there is probably no real disagreement with the results presented here.
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Effects of Cesium Ions
Macroscopic currents in symmetrical cesium solutions were about twofold smaller compared with those in symmetrical sodium solutions although the conductance was 1.4-fold larger. That effect could arise if 13' and thus po(00) were about threefold smaller in symmetrical cesium experiments. A reduction in 13' could occur through an effect of cesium ions on one of the microscopic rate constants, in Eq. 9, or external cesium ions could act as a competitive antagonist as previously suggested (Hirano, Kidokoro, and Ohmori, 1987; Mathie, Cull-Candy, and Colquhoun, 1991) . There was, however, a clear effect of cesium ions on the apparent closing rate. The estimates of et' in symmetrical cesium solutions were generally larger than in symmetrical sodium or asymmetrical sodium-cesium solutions, so the effect appears to be due to external cesium ions. A possible mechanism is that external permeant cations influence the open conformation by binding to a site in the channel that modulates channel closing (Ascher, Marty, and Heild, 1978; Gage and Van Helden, 1979; Marchais and Marty, 1979) .
Cesium ions also influenced permeation. The conductance in symmetrical cesium solutions (~ = 42 pS) was ~ 1.4-fold larger than it was in symmetrical sodium solutions (~/ ~ 29 pS). A similar symmetrical cesium conductance ratio was reported by Dani and Eisenman (1987) in rat myotubes. The cesium conductance in the asymmetrical sodium-cesium experiments, however, was ~ 55 pS. A comparable large cesium conductance (at a lower cesium concentration) in sodium-cesium experiments has been reported by Lo, Pinkham, and Stevens (1990) for BC3H-1 cells. Although the observations on cesium conductance were not studied in detail, they might be expected in a two-site barrier model with multiple ion occupancy.
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